The ecological dynamics underlying species invasions have been a major focus of research in macroorganisms for the last five decades. However, we still know little about the processes behind invasion by unicellular organisms. To expand our knowledge of microbial invasions, we studied the roles of propagule pressure, nutrient supply, and biotic resistance in the invasion success of a freshwater invasive alga, Prymnesium parvum, using microcosms containing natural freshwater microbial assemblages. Microcosms were subjected to a factorial design with two levels of nutrient-induced diversity and three levels of propagule pressure, and incubated for 7 d, during which P. parvum densities and microbial community composition were tracked. Successful invasion occurred in microcosms receiving high propagule pressure whereas nutrients or community diversity played no role in invasion success. Invaded communities experienced distinctive changes in composition compared with communities where the invasion was unsuccessful. Successfully invaded microbial communities had an increased abundance of fungi and ciliates, and decreased abundances of diatoms and cercozoans. Many of these changes mirrored the microbial community changes detected during a natural P. parvum bloom in the source system. This role of propagule pressure is particularly relevant for P. parvum in the reservoirdominated southern United States because this species can form large, sustained blooms that can generate intense propagule pressures for downstream sites. Human impact and global climate change are currently causing widespread environmental changes in most southern US freshwater systems that may facilitate P. parvum establishment and, when coupled with strong propagule pressure, could put many more systems at risk for invasion.
M
icrobial species invasions, thought to occur worldwide in terrestrial and aquatic systems and involve both pathogenic and free-living taxa, represent an emerging challenge to our understanding of the interplay between biodiversity and ecosystem function, particularly under pressures of global environmental change (1) . Despite assertions of limitless dispersal capability, sensu Baas-Becking (2), many microorganisms seem not to be cosmopolitan, and biogeographic studies suggest a significant effect of ecological drift and dispersal limitation in their distributions (3, 4) .
Invasions of microbial species are hard to track because small, inconspicuous species are routinely overlooked in most assessments of invasive species (5) and are detected only when they have conspicuous impacts, such as the formation of blooms. Invasions from pathogenic microbes have been relatively wellstudied because they are comparatively easy to track, in part, due to strong, observable impacts (1) . A particularly well-studied example is the invasion of the human gut microbiota by pathogenic bacteria (6, 7) . We know, however, much less about invasion by nonpathogenic microbes, even though we have evidence that they do occur in nature. For example, in the last two decades, a number of invasions by aquatic microbial species have been documented (8) (9) (10) (11) . Although there are some studies on the ecological impacts of these invasions (8) , we still know little about their potential consequences.
Traditional macroorganism-based ecological theory suggests that invasion success tends to be highest in exotic species characterized by high dispersal abilities, growth rates, and resource efficiencies (12) , and in native communities characterized by low species diversity and high disturbance levels, including fluctuation of resources (13) . Once an invasion occurs, it can induce significant change in the invaded community, including modification of community structure and loss of species and ecosystem function (13) .
Although the applicability of macrobial principles to microbial systems is debatable (1, 4) , they constitute a general framework of study and readily testable hypotheses, such as whether microbial invasions are limited by dispersal or whether high diversity in native communities provides resistance to invasion by exotics. Indeed, few available experimental studies of microbial invasions have been designed to directly test such hypotheses, but, interestingly, they tend to suggest that interspecific interactions, rather than diversity per se, play critical roles in invasion resistance (14) (15) (16) , although nutrient supply (17) and propagule pressure (18) have also been shown to facilitate microbial invasions.
Unfortunately, there are limitations in these previous studies, such as the use of artificial communities with very low species numbers. By not taking into account the enormous diversity, variability, and stochasticity inherent to natural communities, which Significance Current models for biological invasions are predominantly based on macroorganisms. Few invasion model assumptions have been validated for microbial systems. Further research on microbial invasion dynamics is required to determine whether macrobial models are appropriate for microbes, as well as to understand present and future distributions of invasive microorganisms, particularly in the face of contemporary environmental changes. We studied the establishment of an invasive protist in natural microbial assemblages in replicate experimental microcosms and found that, under adequate environmental conditions, invasion success was determined by the number of invading propagules rather than resource availability and the diversity of the invaded communities. This study is among the first to test invasibility hypotheses using an actual invasive microbial species in natural communities.
can have thousands of interacting bacterial and protistan species, as well as viruses, it is unclear how applicable these earlier experimental studies are with respect to actual invasion dynamics. Additionally, these studies have used arbitrarily selected invaders that might lack the specific ecological and life history traits that are thought to facilitate microbial invasion (12) .
A potential model organism for studying these processes is the golden alga, Prymnesium parvum. Despite being of marine origin, P. parvum has apparently invaded and successfully established in US freshwater ecosystems in the last 30 y and is currently present in inland systems in up to 20 states (19) . This species is remarkably adaptable, being capable of growing in a wide range of temperature and salinity conditions (20) . It is a mixotroph, acting both as a competitor of other algal species, and as a predator of bacteria (21) and other protists (22) . It also produces toxic metabolites, which are thought to provide an advantage against competing species of algae (ref. 23 ; but see ref. 24 ). The generalist lifestyle, metabolic flexibility, and toxicity of P. parvum are among the main characteristics expected of an invasive species (1) .
Also contributing to the use of P. parvum as a model for studying microbial invasions is a substantial body of literature dealing primarily with ecotoxicological aspects of P. parvum (25, 26) . However, there are several recent observational (27) (28) (29) and experimental field studies (30, 31) examining the potential roles of immigration and nutrient availability in population dynamics and impacts of P. parvum. Although they provide good first steps in addressing the recent P. parvum range expansion, these earlier studies are limited in design. The field studies are correlational and provide good characterizations of P. parvum's niche space, but they do not allow for inference into mechanisms or impacts of P. parvum population establishment. Background presence of P. parvum and unknown initial microbial community diversity in the field experiments prohibit isolation and identification of possible propagule pressure effects. Additionally, the field experiments do not address the response of invaded communities to successful invasion, nor are these studies placed within the broader framework of ecological and invasion theory.
In this study, we used a robust, replicated experiment comprising natural aquatic microbial communities to isolate the roles of propagule pressure and community resistance to invasion in the establishment success of P. parvum in an otherwise environmentally suitable habitat. We also characterized the response of the invaded microbial community. We hypothesized that (i) microcosms with high nutrients and low diversity would be more easily invaded, having more resources available and potentially a lower biotic resistance, (ii) increased propagule pressure would facilitate invasion, and (iii) successful invasion of P. parvum would cause distinctive changes in the richness and diversity of invaded microbial communities.
Results Community Diversity Manipulation. Microbial assemblages were created from composite mixtures of lake water collected from three different sites in Lake Texoma (Oklahoma and Texas, United States) during the summer non-P. parvum bloom season. Salinity and temperature were adjusted to 2.3 parts per thousand (ppt) and 15°C to simulate the ambient winter lake conditions conducive to P. parvum blooms (29) . Three days later, community resistance to invasion was manipulated in half of the microcosms by supplementing nitrogen and phosphorus levels to reduce community diversity and increase resource availability.
Nutrient manipulation resulted in clear differences in experimental microcosms after 5 d (day 8) of incubation (Table 1) . Total chlorophyll was higher [generalized linear model (GLM), F-test, P < 0.001] whereas richness and alpha diversity of eukaryotic communities were lower (GLM, F-test, P = 0.008 and P < 0.001, respectively) ( Table S1 ) in microcosms that received nutrient additions. Communities contained 6,543 bacterial and 1,079 eukaryote operational taxonomic units (OTUs, here defined as rRNA sequences with a 97% similarity), with community composition significantly affected by nutrients [permutational multivariate analysis of variance (PERMANOVA), F-test, P < 0.012 for both communities] (Table S2 ). Nonmetric multidimensional scaling (NMDS) ordination showed that microcosm assemblages for both eukaryotes and bacteria clustered by nutrient treatment (Fig. S1 , blue symbols). It was under these conditions in which P. parvum was inoculated into the microcosms (day 8).
Invasion Success. Propagule pressure was manipulated by adding P. parvum from laboratory cultures at three invading population sizes: 12,860,000 cells (6,430 cells per mL), 1,286,000 cells (643 cells per mL), and 128,000 cells (64 cells per mL). P. parvum establishment success was unaffected by the diversity and richness of the receiving microbial eukaryote community but was directly proportional to propagule pressure (P < 0.001) ( Fig. 1 and Table S3 ). After addition of the highest propagule pressure, P. parvum population mean (±SD) density was 7,764 ± 1,616 cells per mL on day 15. In the medium propagule treatment, P. parvum was still present in three microcosms at very low densities (mean = 333 ± 422 cells per mL) on day 11, but remained in only one microcosm on day 15 (mean = 14 ± 34 cells per mL). In the low propagule pressure treatment, P. parvum was detected in one microcosm on day 11 but, by day 15, had become undetectable in all six microcosms. Therefore, high propagule pressure overwhelmed any effects of reduced resistance in the form of increased nutrients and lower community diversity.
Effects of Invasion in the Microbial Community. The microbial communities at the end of the experiment (day 15) for all microcosms combined contained 7,691 bacteria and 1,064 eukaryote OTUs. Values are mean ± SD; n = 9 per treatment for chlorophyll (μg/L), n = 3 per treatment for richness (Chao1) diversity (inverse Simpson) estimates. Bold font indicates a significant difference between low and high nutrient treatments; for more detail on statistical analyses, consult Table S1 . Although the nutrient treatments still were evident ( Fig. 2 and Table S4 ) (linear mixed-effects model, nutrient effect, P < 0.02 for bacterial diversity and eukaryote richness and diversity), taxonomic richness and diversity were substantially lower on day 15 compared with day 8 across all propagule pressure and nutrient treatments (compare Table 1 and Fig. 2 ; Table S4 ) (time effect, all P ≤ 0.02). There was no effect of propagule pressure nor any interaction between propagule pressure and nutrient treatment on the diversity or richness of any of the communities (Table S4) (propagule effect, all P > 0.05). Communities on days 8 and 15 were clearly different, not only in diversity values, but also in community composition, as visualized by NMDS ordination (Fig.  S1 ), regardless of treatment. Day-15 eukaryote and bacteria communities were different across nutrient and propagule pressure treatments ( Fig. 3 and Table S5 ) (PERMANOVA, F-test, all P < 0.013), but no interaction between treatments was detected. Among the propagule pressure treatments, the successfully invaded microcosms (i.e., the high propagule pressure treatment) clustered separately from all other treatments (gray ellipses in Fig. 3 ) (Table S6 ) (PERMANOVA post hoc analysis, P ≤ 0.047 for all pairwise comparisons with the high propagule pressure treatment). Control communities, which received no P. parvum inocula or nutrient additions, did not differ in composition from noninvaded communities (Fig. 3 , orange squares). In the case of the eukaryotic communities, the inoculation of P. parvum cells as part of the propagule pressure treatment was not the source of significant differences. Analysis of community composition after removing all OTUs identified from the order Prymnesiales revealed no differences from analysis of the complete communities in terms of NMDS ordination or grouping.
Characteristic Species. Regarding community composition, changes in the abundances of eukaryotic phyla (rank 3) or bacterial classes ( Fig. S2 ) were limited to higher proportions of fungi and ciliate OTUs in invaded microcosms and more diatom and cercozoan OTUs in the noninvaded microcosms. However, indicator value analysis (32) revealed that the primary distinction between invaded and noninvaded communities was driven by changes in abundances of taxa at lower taxonomic levels and specific OTUs (Tables S7 and S8 ). Noninvaded communities were characterized by 26 eukaryotic and 14 bacterial OTUs. The most abundant indicator eukaryotes in noninvaded communities were diatoms (seven OTUs) comprising mostly centric diatoms from the subphyla Bacillariophytina and Coscinodiscophytina. Ciliates, chlorophytes, and dinoflagellates were also present (six, four, and four OTUs, respectively). Remaining groups in noninvaded communities included cercozoans, centrohelids, chrysophytes, and an unknown eukaryotic OTU. Indicator bacterial taxa were predominantly from the phylum Actinobacteria (10 OTUs), mostly from the order Actinomycetales. Other indicator bacterial OTUs were from the phyla Cyanobacteria, Planctomycetes, and Chloroflexi. By contrast, invaded communities were characterized by 20 eukaryotic and 18 bacterial OTUs. Indicator eukaryotes in invaded communities included 11 ciliate OTUs from diverse families, chrysophytes from the genera Paraphysomonas and Ochromonas (six OTUs), one pirsonid, and two apicomplexans. Bacterial OTUs included the phyla Proteobacteria (13 OTUs from the classes Alphaproteobacteria and Deltraproteobacteria) and Bacteroidetes (five OTUs from the class Flavobacteriales).
Discussion
We studied an experimental P. parvum invasion in natural microbial assemblages from Lake Texoma, a reservoir with a history of seasonal P. parvum blooms. To characterize the parameters that drive the successful establishment of this invasive species, we manipulated nutrient supply and propagule pressure, allowing us to elucidate the intrinsic importance of each of these factors and their potential interactions as they pertain to the invasion process. Within experimental microcosms, invasion success was determined exclusively by propagule pressure, with successful invasions occurring only in high propagule pressure microcosms, which had increased P. parvum cell densities at the end of the experiment (day 15). Conversely, microcosms with failed invasions showed no presence of P. parvum cells, meaning that the alga was either absent or present at abundances below our detection limit of ∼200 cells per mL. In these cases, it seems that resistance to invasion of the receiving community was strong enough to prevent establishment and growth of the initial inoculum.
In contrast to our initial hypotheses and general invasion theory, nutrient treatments had no effect on invasion success, even though this disturbance increased the gross resource supply and yielded a reduced number and diversity of species, both factors that are thought to facilitate invasions (1, 13) . This lack of an effect of increased resource availability may reflect the fact that our system is eutrophic and that ambient nutrient availability was already high. Alternatively, it might be attributed to the metabolic flexibility of P. parvum, which can obtain energy both autotrophically and heterotrophically from a wide variety of sources (22) .
Bottle effects may have altered available niche space and influenced the response of the communities to treatments (as evidenced by the effect of time on community composition in Fig. S1 ), possibly causing the observed dissociation between diversity and invasibility. However, previous experiments on P. parvum invasion processes showed that communities in large (1,570-L) enclosures and small (2-L) microcosms presented no significant differences in plankton dynamics for longer periods than those encompassed by our experiment (30) . Furthermore, the difference between days was probably also caused by medium-term responses of the community to initial environmental changes because stabilization of communities in response to disturbances is a continuous process that can extend for longer periods than those covered by our incubation period (33) .
Our results also are at odds with those of previous experiments that found that P. parvum abundances were correlated with nutrient concentrations, but not with additions of propagules (30) . In that experiment, however, initial communities had differing background levels of P. parvum cells, and the number of introduced cells was low, equivalent to our low propagule pressure treatment, which, as shown here, did not exert enough propagule pressure to become established in the community. Thus, the main differences between treatments in that experiment were likely driven by the response of the background levels of P. parvum to the nutrient additions.
Studies in macroorganisms have predicted that one of the consequences of invasion is species loss (13), a phenomenon not observed in our microcosms, where diversity and richness were not different across propagule pressure treatments on day 15. However, we observed a strong effect of propagule pressure in the community composition. The use of next generation sequencing allowed us to characterize the effects of this community response with greater precision and less bias than previous studies, which measured community composition using either microscope identification (34) or quantification of photosynthetic pigments (30, 35) . Both of these methods yield a skewed version of community composition, with a bias toward large, well-characterized taxa clustered into broad taxonomic categories (e.g., nanoflagellates). Compared with these studies, effects that we observed were subtler, with primary effects in the abundances of specific OTUs rather than in abundances of entire higher level taxonomic groups.
Analysis of indicator species showed that a wide diversity of freshwater microbial taxa responded to invasion. Most of these changes were in agreement with previous observations in P. parvum invasions, such as the reduction in abundances of diatoms, cercozoans, and chlorophytes (30, 34, 36, 37) and the increased abundances of chrysophytes (37) . We also observed a general increase in fungal OTU number, which has also been observed in P. parvum blooms in Lake Texoma (37) . Ciliates can be both prey and predators of P. parvum (38) , and the presence of distinctive but closely related ciliate OTUs in both invaded and noninvaded microcosms suggests that species within this group can have opposite responses to the community changes induced by the invasion of P. parvum.
Although there are few previous studies on microbial communities associated with P. parvum blooms, the most abundant indicator species for high propagule pressure communities were members of Alphaproteobacteria and Bacteroidetes, groups that are predominant in the bacterial communities attached to algal cells (39) . Non-high propagule pressure communities were enriched with the order Actinomycetales, a ubiquitous and abundant group of limnetic bacteria (40), whose abundance also was found to decrease during P. parvum blooms (37) .
Overall, even if none of our microcosms reached the high densities that characterize the dense nearly monospecific blooms that are the usual focus of P. parvum studies (25) , the observed community changes detected agree with previous observational research in Lake Texoma. There, a year-long study found that a P. parvum bloom was associated with a drastic disruption in the normal pattern of microbial community seasonal succession and with community changes in microbial components of the planktonic assemblage (27, 37) that mirror those seen in this study.
At first glance, our results seem to contradict previous findings of a primary role for environmental conditions in P. parvum blooms in Lake Texoma, regardless of dispersal of propagules (29) . In this reservoir, winter blooms of P. parvum have occurred almost yearly since 2003, but only in the western arm of the reservoir, characterized by relatively high salinities (28, 29) . Although still presumably subjected to downstream transport of propagules from these large, sustained blooms, which can reach densities over 2 × 10 5 cells per mL, the rest of the lake has not experienced any establishment of P. parvum (defined as recurrent winter blooms). However, it is important to keep in mind that, before propagule exposure, we manipulated our microcosms' salinity levels to mimic those thought to be conducive to P. parvum establishment: i.e., ∼2 ppt (29, 41) , effectively creating a niche space for P. parvum. The role of salinity is particularly important, P. parvum being a marine species that is already at the limit of its salinity tolerance in this reservoir (41) and with most recorded blooms occurring when salinity exceeds 1.7 practical salinity units (psu) (29) .
Based on our studies, it is clear that environmental conditions are primary factors determining P. parvum distributions and bloom formation. However, once these conditions are met, the intensity of dispersal (measured as propagule pressure) becomes a determining factor in establishment success and biogeographic patterns of this invasive species. It is important to note that the temperature, nutrient, and salinity conditions present in our microcosms fall well within the ranges found naturally in Lake Texoma and other freshwater systems in the southern United States and that these particular conditions are projected to increase in frequency in the coming decades (42, 43) , creating situations that, in tandem with the already existing high propagule supply, could drive further range expansions and blooms of P. parvum.
Our results failed to support several of our initial hypotheses and seemingly contradict common assumptions about invasions in natural ecosystems. Increases in nutrient supply and decreases in community diversity did not facilitate P. parvum invasions and, at least within the ranges used in this experiment, had no influence in invasion success. Instead of resource availability, invasibility was determined by propagule pressure, and microcosms within the same propagule treatment presented similar outcomes in terms of establishment success. Although the important role of propagule pressure is in agreement with previous observations in terrestrial and aquatic ecosystems (44) , the absence of any observed interaction between nutrient availability, biotic resistance, and propagule pressure as proposed in conceptual models (45) was unexpected.
These results expand our knowledge of the general processes behind microbial invasions of planktonic communities and validate results gleaned from synthetic ecosystems, such as the important role of propagule pressure for invasion success (18) and the lack of an intrinsic biotic resistance by more diverse communities (14, 15). Our experiment also reveals possible mechanisms behind the observed increase in the range of P. parvum populations within the United States and may provide a means of identifying systems with high risk of invasion. P. parvum blooms can maintain densities over 1.5 × 10 5 cells per mL for prolonged periods of time (27) , and many of these blooms are terminated through hydraulic flushing during periods of high inflow (27, 46) , potentially exerting significant propagule pressure to downstream reservoirs and lakes (29, 47) . Nevertheless, propagule supply remains an unknown factor in natural systems, even as efficient tools to measure P. parvum cell densities along lake and riparian systems have been developed (48) . We believe that the implementation of routine sampling programs is a feasible goal that not only will serve as an early-warning system for the formation of P. parvum blooms but also may validate the role of propagule pressure in ecosystem invasibility and provide information for implementing accurate monitoring and successful management strategies.
Materials and Methods
Experimental Design. Experiments were conducted with natural freshwater microbial communities in microcosms. Samples from surface waters of three sites in Lake Texoma (sampling stations: L2, frequent winter P. parvum blooms; L4, P. parvum present in winter; and L6, P. parvum rarely observed) (28) were retrieved, prefiltered with a 63-μm mesh to remove large zooplankton, mixed, and distributed into 21 2.5-L experimental microcosms. The absence (here defined as below the detection limit of 200 cells per mL) of P. parvum was confirmed by counting 10 hemocytometer fields at 200× magnification. Microcosms were incubated under artificial light in a 12-h light:12-h dark cycle on a bottle roller at 15°C for 3 d, and then salinity was manipulated (day 3) by additions of synthetic sea salt (Instant Ocean; Spectrum Brands; final salinity = 2.3 ppt) to simulate ambient winter lake conditions, which are conducive to P. parvum blooms (29) . Nutrients were added to nine microcosms on day 3 to generate high nutrient (0.199 mg/L phosphorus, 1.25 mg/L nitrogen; n = 9) and low (ambient) nutrient (0.069 mg/L phosphorus, 0.79 mg/L nitrogen; n = 9) treatments. We also maintained a control treatment (n = 3) in which neither nutrients nor propagule pressure were manipulated. All microcosms were then incubated for 5 d under the same late winter and early spring temperature and light conditions to allow microbial communities to respond to nutrients.
On day 8, bottles were divided into low, medium, and high propagule pressure treatments by adding cells from cultures of P. parvum isolated from Lake Texoma (strain UOBS-LP0109). Culture cell densities were estimated using the hemocytometer method described above, and samples were diluted to achieve the desired cell concentrations. Each nutrient × propagule pressure treatment combination was triplicated.
At the beginning of the invasion experiment (day 8), a 200-mL sample was taken from three low nutrient and three high nutrient microcosms for genetic material extraction and sequencing. Afterward, microcosms were incubated for 7 d, at the end of which (day 15) 250-mL samples were taken from all microcosms for genetic material extraction and sequencing. Chlorophyll a was measured on days 8 and 15, with a TD 700 bench-top fluorometer.
DNA Extraction and Sequencing. DNA was extracted using a standard phenol/ chloroform extraction protocol. Sequences encompassing variable regions of the ribosomal SSU gene were used as genetic markers for microbial communities. For bacteria, we amplified the SSU v6 region using the 967F and 1064R primers (49, 50) , and, for eukaryotes, we amplified the SSU v9 region with the 1380F and 1510R primers (51) . Amplicon sequencing was done in a 454 GS FLX Titanium system in the University of Oklahoma Advanced Center for Genome Technology (ACGT) (52, 53) . Sequences obtained were quality checked; sequences with divergences from the primers or with an average quality <25 in a 50-bp sliding window were discarded. Minimum length for trimmed sequences was >50 bp for bacteria and >120 bp for eukaryotes. Chimeric sequences were detected using the ChimeraSlayer algorithm of the QIIME 1.8.0 software (54) and removed from the database. Sequences were uploaded to the NCBI Sequence Read Archive, under BioProject PRJNA271537 and Biosamples SAMN03274828-SAMN03274857.
Community Analyses. Communities were analyzed using QIIME; OTUs were determined de novo using a 97% similarity threshold. Taxonomic assignment of bacterial OTUs was performed using the assign_taxonomy pipeline from QIIME, using the Greengenes database trees from August 2012 (55) . Unclassified OTUs, singletons, and OTUs classified as archaea, eukaryotes, chloroplasts, or mitochondria were removed from the dataset. Taxonomic assignment of eukaryotic OTUs was performed using the Silva NGS online platform (56) with default parameters. Because some remaining OTUs had high abundances in our dataset, they were manually checked using BLASTN (57) searches and assigned the best consensus classification based on similarity to available 18S sequences. Unclassified, bacterial, archaeal, and metazoan OTUs and singletons were removed from the dataset.
Community data were exported as a BIOM file, imported into R 3.1.0 (58), and analyzed using phyloseq v1.8.1 (59) . Before community analyses, all libraries were normalized to the size of the smallest library using random sampling without replacement; a random number generator seed was selected a priori to ensure reproducibility.
Alpha diversity on days 8 and 15 was measured using the reciprocal Simpson's index whereas richness was estimated using Chao1. Differences between community composition of each microcosm were visualized using nonmetric multidimensional scaling (NMDS) with phyloseq. Beta diversity was calculated with the Bray-Curtis index using vegan v2.0-10 (60). Detection and measurement of P. parvum cells in the microcosms were done at the end of the experiment, using hemocytometer-based microscopy as described above.
Statistical Analyses. All statistical analysis were conducted in R. To analyze the differences in diversity, richness, and chlorophyll in microcosms on day 8 (the beginning of the invasion experiment), we used a generalized linear model with a Gaussian distribution, using nutrient treatment as the independent variable. At the end of the experiment (day 15), we analyzed the same diversity estimators for all microcosms using a linear mixed-effects model with day, nutrient, propagule pressure, and the interaction between nutrients and propagule pressure as fixed factors, and microcosm identity as a random factor; both analyses were done with nlme v3.1-117 (61) .
To test for differences in P. parvum cell concentrations at the end of the experiment, we used a generalized linear model, using a quasi-poisson distribution to account for overdispersion (62) . Assumptions of normality and heterogeneity of variance for the residuals were checked using R plotting functions. The effects of propagule pressure and nutrient supply on microbial community composition were tested with a permutational multivariate analysis of variance (PERMANOVA) using Bray-Curtis distance matrices with vegan. Post hoc comparisons between high and non-high propagule pressure communities were done using pairwise PERMANOVAs with HolmBonferroni-adjusted probability values.
For determination of indicator species, low-abundance OTUs with <10 sequences for eukaryotes and <20 sequences for bacteria were removed because they were unlikely to contribute to significant differences between the different groups. Using these modified OTU libraries, we calculated the indicator value d of each OTU as the product of the relative frequency and relative average abundance in groups, using labdsv v.1.6-1 (63), and adjusted P values for multiple comparisons using the false discovery rate control. . Composition of (A) eukaryotic and (B) bacterial communities for high and non-high propagule pressure (PP) treatments, using 97%-similarity OTUs. Eukaryotes are shown at the level of rank 3 (previously phylum) and bacteria are shown at the level of class. OTUs that constituted less than 0.2% of each microcosm library have been omitted for clarity. Table S1 . Results for the generalized linear models (GLMs) testing the effects of nutrient treatments in the richness, alpha diversity, and chlorophyll content of microcosms at day 8, before inoculation of propagule treatments Community composition was calculated using 97%-similarity OTUs. P values were adjusted for multiple comparisons using a Holm-Bonferroni correction. Bold font indicates significant results. Table S7 . Indicative eukaryotic OTUs, as determined using the Dufrene-Legendre indicator species analysis The indicator value of each OTU is determined by the product of the relative frequency and relative average abundance in each propagule pressure treatment. The P value is the false discovery rate (FDR)-adjusted probability of obtaining as high an indicator value as observed over 1,000 iterations of the analysis. Low-abundance OTUs (those having fewer than 10 sequences among all microcosms) were removed from the analysis. Dashes represent taxonomic ranks where no identification consensus could be reached for the OTU.
